Introduction The present paper reviews evidence and examines updates in single-port robotic surgery for colonic diseases reported in contemporary studies.
Introduction
Minimally invasive surgery has undergone numerous advancements during the past decade, and conventional laparoscopic surgery (CLS) has been accepted as the standard operative technique for managing colonic diseases because several randomized trials have reported that compared with open surgery, CLS is advantageous in terms of less blood loss, earlier return of bowel motility, and shorter hospital stay, without compromising the oncologic outcome (1) (2) (3) (4) . However, CLS requires the insertion of multiple ports that present a potential hemorrhagic risk of the trocar sites, intraperitoneal organ injury, and incisional hernia (5-7).
As minimally invasive surgery becomes increasingly common, efforts are aimed at minimizing parietal trauma and improving cosmetic outcomes. These goals have led to the development of single-port laparoscopic surgery (SPLS) for treating a variety of conditions (8) (9) (10) (11) (12) (13) . SPLS results in better cosmetic advantage, involves less incisional pain, and has faster recovery rate than CLS (14) (15) (16) (17) . Since Remzi et al. (18) and Bucher et al. (19) first reported SPLS for right colon resection and Bucher et al. (20) first performed single-port laparoscopic sigmoidectomy for benign disease, morecomplex colorectal operations have been successfully performed, such as low anterior rectal resection, total colectomy, total proctocolectomy, and palliative re section (21) (22) (23) (24) (25) (26) .
However, for treating colorectal disease, SPLS is a challenging procedure compared with CLS, even for experienced laparoscopic colorectal surgeons. The challenges of SPLS include clashing instruments, loss of instrument triangulation because of using straight instruments with a rigid laparoscope, a restricted number of working instruments, difficulty achieving maneuverability, loss of depth perception and dexterity for making a correct exposure and performing traction of tissues, and ergonomic difficulties. Moreover, even experienced laparoscopic surgeons have a new learning curve because the skills required for SPLS differ from those acquired in CLS (27, 28) .
Robotic surgical systems were developed in part to overcome several of the inherent limitations of laparoscopic surgery. These emerging technologies offer several technical advantages over traditional laparoscopic surgery, including the use of three-dimensional magnified vision, a surgeon-controlled stable camera platform, more maneuverable instruments (e.g. EndoWrist®, Intuitive Surgical, Inc., Mountain View, CA, USA), filtering of physiologic tremor, stronger retraction, fixed thirdarm retraction, less physician strain, and more precise anatomical dissection with enhanced ergonomics in colorectal surgery, especially low rectal cancer surgery (29) (30) (31) (32) (33) (34) (35) . In addition, compared with CLS, robotic colorectal surgery reportedly has a faster learning curve for surgeons attempting to master minimally invasive techniques (36, 37) . However, the role of robotics in colonic surgery is still largely undefined, and it is unclear whether robotic surgery has significant clinical benefits over CLS for treating colonic disease because robotic colectomy has comparable clinicopathologic outcomes but higher costs and longer operative times than CLS (38, 39) .
Recently, two new advancements have been integrated into colorectal surgical practice: robotic surgical technologies and SPLS. Some surgeons have applied the advantages of the robotic system to overcome the limitations of SPLS in a newly introduced technique: single-port robotic surgery (SPRS). Theoretically, SPRS can offer several advantages over SPLS: better ergonomics, greater dexterity, improved tremor filtration, and threedimensional vision. However, the actual role of SPRS for treating colonic disease remains undetermined, and several concerns exist with this approach. The present article reviews evidence for and examines updates in the field of SPRS for treatment of colonic diseases reported in contemporary studies.
Methods
A comprehensive online systematic search of PubMed databases was carried out using the terms 'robotic single site colonic,' 'robotic single port colonic,' and 'robotic single incision colonic' in June 2015, identifying studies conducted on robotic single-port colectomy from 2008 to 2015. SPRS in this study was defined as robotic colonic surgery performed through a single-incision. Our research included comparative studies, case series, and case reports reporting on evidence and outcomes of SPRS for treating colonic diseases and preclinical experiments and review articles were excluded. Only manuscripts published in English were included. Data from these studies are critically summarized and analyzed in this review article.
Results
The database search of PubMed retrieved nine studies (one comparative study, three case series, and five case reports) that met the inclusion criteria for our review. Table 1 presents the main characteristics of the studies included in this review: authors, year of publication, study population, indication for procedure, access device, robotic platform, total operation time, skin incision length, length of hospital stay, number of retrieved lymph nodes, conversion rate, and complication rate. Overall, early postoperative complications (0-36.4%) and hospital stay (2-9 days) after colonic SPRS were comparable with those of previous studies on multi-port robotic surgery for colonic surgery (29, (40) (41) (42) (43) (44) (45) (46) . Cosmetic benefits were naturally expected from the early descriptions of SPRS procedures given that a reduced incision length logically equals improved cosmesis (2.5-8.0 cm) (45) (46) (47) (48) (49) (50) . However, the fact that sufficient data are missing and the lack of comparative studies between SPRS and other types of surgeries do not allow us to draw some conclusions regarding the outcomes of this surgery. (Figure 1(A) ). Four trocars for robotic instruments and one trocar for a laparoscopic instrument were inserted through the cut fingertips of the surgical glove, and the glove was folded around the outer ring of an Alexis® retractor and secured. A three-arm da Vinci robot with a 10.0 mm endoscope and a 30°angled view was used. The low cost and broad range of motion of the large working platform seem to be the main advantages of this approach, whereas the time consumed in the procedure for making an access port is the main drawback.
SILS TM multi-channel access port Some surgeons have used the standard robotic platform with a SILS TM port (44, 47) . This multi-channel access port is made of an elastic polymer, and the top of the port has three small perforations for the insertion of rigid ports (Figure 1(B) ). The advantages of this port include durability, easy placement technique, and a foam structure that makes instrument manipulation easier. However, this port does not avoid instrument clashing and offers only two working channels. Ostrowitz et al. (47) performed SPRS for right colectomy using a SILS TM port in one patient. They reported that SPRS using the SILS TM port was successful in preventing air leakage; however, the trocars were too close to one another, making arm movements too restrictive and causing frequent instrument collisions.
GelPOINT® port
The GelPOINT® port is an Alexis® wound retractor adapted with a flexible inner ring joined to an outer ring with a clear cover (Figure 1(C) ). This access port was used for SPRS in several studies, and the conventional robotic ports were directly inserted into the gel (43, 48, 49) . Advantages of this access port are similar to those of the glove technique: the 10 cm diameter outer ring can reduce instrument collisions, and it can easily be placed in various positions, while it requires a large incision.
da Vinci Single-Site® port The da Vinci Single-Site® port for the Single-Site® platform contains an insufflator and four channels: two channels for curved cannulas, in which robotically controlled instruments can be inserted; one channel for the da Vinci 8.5 mm endoscope; and one channel for the assistant's instrumentation (Figure 1(D) ). Two channels accommodate curved cannulae for the flexible, robotically controlled instruments. This port has a target anatomy arrow indicator. In our experience, although this access port was designed for the Single-Site® platform, it was not durable, especially when the remote centers of motion of the robotic ports (black lines) were not placed at the level of the abdominal wall (46) .
Surgical platforms and configuration of robotic arms
The volume of available clinical data on SPRS outcomes for colonic disease has considerably grown since the publication of the first clinical series describing the first cases of successful right colectomies (47) . To date, approximately 130 SPRS procedures for colectomy cases have been reported by different institutions across the globe, using a variety of techniques and port configurations ( Figure 2 ).
Noncrossing robotic arms technique
The noncrossing robotic arms technique was subsequently introduced. It required the camera and instruments to be maintained parallel and to be moved in near-unison to optimize range of motion with enhanced articulated EndoWrist® movements; whereas, it can cause floating motions during procedures or arm clashing (Figure 2 (A)). Lim et al. (45) reported on 22 cases of single-port robotic anterior resection for sigmoid colon cancer using the noncrossing robotic arms technique. The mean operating time was 167.5 min, and the median skin incision length was 4.7 cm. The mean length of hospital stay was 6 days, and short-term oncologic parameters were comparable with those in multi-port robotic anterior re section (51).
Crossing and reassigning arms technique da Vinci systems were not initially designed for single-port surgery. Owing to the lack of specific platform and instrumentation, some authors have proposed tips and tricks for integrating robotics into the SPLS environment ( Figure 2 (B)). The crossing and reassigning arms technique was suggested by Joseph et al. (52) to overcome the limitations of coaxial disposition of the instruments and clashing of robotic arms. In this technique, the robotic instruments cross at the level of the abdominal wall, positioning the right instrument on the left side of the target organs and the left instrument on the right side. On the robotic console, the left robotic arm is assigned to the surgeon's right hand, while the right robotic arm is assigned to the surgeon's left hand to match the corresponding console driver; at the robotic console, each surgeon's hand corresponds to the robotic instrument in the ipsilateral field of view. In addition, ergonomic advantages are provided by SPRS secondary to instrument triangulation and advanced instruments, such as the EndoWrist®, robotic vessel sealer, and robotic stapler. Ostrowitz et al. (47) used the crossing and reassigning arms technique to perform right colectomies for two benign tumors and one adenocarcinoma. Other authors reported on cases of partial cecectomy and right colectomy that used this technique (48, 49) . A large single-center cumulative study reported by Juo et al. (43) analyzed 59 consecutive SPRS colonic procedures, comprising 31 right hemicolectomies, 20 sigmoid colectomies, five left hemicolectomies, two low anterior resections, and one total colectomy. They demonstrated that there were eight conversions: four conversions to an open surgery, three conversions to multi-port robotic surgery, and one conversion to an SPLS. Conversions were associated with both higher complication rates and longer hospital stays. Postoperative higher body mass index was the only significant risk factor for postoperative complications, which occurred in 16 of the 59 cases (27.1%) in that study.
Byrn et al. (44) compared the 29 consecutive SPRS procedures that were performed using this technique and 36 multi-port laparoscopic surgeries (MPLS) for colectomy to assess the technical feasibility of SPRS and to analyze the hospital costs in the two patient groups. They found that operative and short-term outcomes were comparable in both groups, while hospital stay showed a nonstatistically significant trend favoring SPRS by 1.7 days. They reported that SPRS using this technique improved instrument triangulation and that the console's surgeon-controlled camera platform minimized the need for a skilled assistant for camera driving. One drawback they reported was robotic arm clashing resulting from the robotic instruments' limited range of motion.
Single-Site platform® and Sp® single-port platform
The novel da Vinci Single-Site® platform, which was installed on the da Vinci Si system, was recently introduced. This system allowed surgeons to overcome the shortcomings of SPLS (Figure 2(C) ). The main difference between the conventional robotic approach and one that uses the new Single-Site® platform is the latter's easier instrument triangulation and minimal modification of the robotic arms by the assistant surgeon. Similar to the 'crossing and reassigning arms technique' applied to the conventional robotic approach, using the new SingleSite® platform, the two crossed curved instruments are 'repositioned' by the software to fit the corresponding hand of the surgeon on the console. Within general surgery, cholecystectomy has been the most widely used application for SPRS using the Single-Site® platform, and an increasing number of surgeons have expanded the clinical use of the da Vinci Single-Site® instrumentation for various procedures (53-56). Morelli et al. (57) was the first to perform a right colectomy on a human being for a benign tumor using the Single-Site® platform. They used an umbilical skin incision to insert the SingleSite® port and performed anastomosis using a handsewn, extracorporeal technique. After performing more than 130 SPRS procedures for cholecystectomies, Spinoglio et al. (50) reported on three SPRS procedures for colonic malignancies using the Single-Site® platform and port insertion through a suprapubic incision. They inserted an additional 15 mm trocar on the right side of the single port to perform an intracorporeal side-to-side anastomosis. A specimen was placed within a 15 mm endo-bag and extracted through a Pfannenstiel minilaparotomy, which formed an extension line of the single-port and 15 mm trocar incisions.
Intuitive Surgical developed its novel Single-Site® instrumentation platform dedicated specifically to SPRS. However, this platform has not been widely used for colorectal surgery owing to several limitations, including the lack of endo-wrist movement, which is usually recognized as one of the major advantages of the conventional robotic system. Other limitations include the limited range of motion of the semirigid robotic instrument; limited tissue retraction, which is essential to colorectal surgery; and limited availability of instruments and accessories for the Single-Site® system. In particular, with Single-Site®, it is impossible to use endo-staplers in the pelvic cavity for left-sided colon cancer surgery.
Recently, we reported on our initial experience using the Single-Site® platform with the addition of one conventional robotic port in 11 patients who underwent anterior resection for left-sided colon cancer (46) (Figure 3  (A) ). Although our technique was not strictly a single-port technique (because of the additional 12 mm port placed for endo-wrist instrumentation, endo-stapler application, and drain placement), it was possible to transect the rectum with a safe distal resection margin (Figure 3(B) , (C), (D)). The mean total operative and docking times were 289 min and 17 min, respectively, and clinicopathologic outcomes were acceptable. Interestingly, three surgeons performed these procedures without any previous experience performing SPLS. However, our technique still had several limitations because the Single-Site® platform was not designed to be used in colorectal surgery. For example, the remote centers of motion of the robotic cannulas (black lines) needed to be adjusted from the level of the anterior abdominal wall because of the lack of cannulas shorter than the 5 × 250 mm curved cannulas; this limitation made it difficult to perform lymphovascular dissection around the root of the inferior mesentery artery. In addition, adjusting the remote center sometimes caused loss of pneumoperitoneum owing to insufficient durability of the Single-Site® port. Further, limited range of motion and external collisions continued in multiple-quadrant surgical fields. More recently, we modified our technique to include a 'dual docking technique' that involves repositioning the patient cart and moving the robotic arms in two stages, as described in our previous study (29) . We believe that the reduced-port technique using the Single-Site® system is a viable option until a more advanced robotic platform specifically designed for SPRS is developed.
Recently, Intuitive Surgical developed a bipolar cautery (Figure 4(A) ) and wristed needle drivers (Figure 4(B) ) for its Single-Site® platform. The wristed needle driver was developed in part to facilitate suturing, and it can move the instrument tip up to 45°in all directions for precise needle positioning. We are confident that, in the future, SPRS using the Single-Site® platform will be improved by the development of wristed instrumentation that is not yet available. However, despite the emergence of these new instrumentations, no ideal platform is currently available for SPRS. In 2014, Kaouk et al. (58) reported on the clinical feasibility and safety of urologic SPRS in 19 patients using a prototype of the da Vinci Sp® Surgical System (Model SP999) (Intuitive Surgical, Inc., Mountain View, CA, USA). The device, which includes a threedimensional camera and three fully articulating instruments with 7°of freedom at the distal end through its 25 mm cannula ( Figure 5 ), allows for substantially more control by the surgeon. The urologic SPRS procedures included 11 radical prostatectomies and eight nephrectomies with an additional port that was used electively from the start of the procedure. Patients experienced mostly minor complications without conversion. However, this platform was developed only to be used for single-port urological procedures, and its safety and effectiveness for general surgery have not been established.
Conclusion
Significant improvements have been achieved in the development and modification of single-port-access techniques, configuration of robotic arms, and robotic surgical platforms in the field of SPRS for colonic disease. However, these techniques are still in their infancy, and significant improvements to surgical platforms for SPRS are needed before this technique can achieve widespread adoption. Although the current studies show that SPRS for colonic diseases is a feasible and safe procedure carried out with acceptable perioperative outcomes, and resulting in a desirable cosmetic outcome, the fact that sufficient data are missing and the lack of comparative studies between SPRS and other types of surgeries do not allow us to draw some conclusions regarding the outcomes of this surgery.
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